The cochlear nucleus (CN) is the first auditory structure to receive binaural information via CN-commissural connections. In spite of an abundance of evidence that CN-commissural neurons are glycinergic and thus inhibitory, physiological, and anatomical evidence suggests that a small group of CN-commissural neurons are excitatory. In this study, we examined the excitatory portion of the CN-commissural pathway by combining anterograde tract tracing with immunohistochemistry of vesicular glutamate transporters (VGLUTs) and retrograde tract tracing with immunohistochemistry of glycine and GABA. VGLUTs accumulate glutamate in synaptic vesicles and are prime markers for glutamatergic neurons. The terminal endings of CN-commissural projections were typically en passant or small terminal boutons, but large, irregular swellings were also observed, confined to the granule cell domain (GCD). Both small and large terminal endings in the GCD colabeled with VGLUT2, but not VGLUT1. In addition, some CN-commissural cells themselves received VGLUT2-positive puncta on their somata. After large injections into the CN, 37% of the total number of retrogradely labeled commissural neurons was immunonegative to glycine or GABA. Retrograde labeling after a restricted GCD injection revealed a majority of putative excitatory CN-commissural neurons as multipolar, in the marginal regions of the ventral CN, medially as well as in the small cell cap region and deep dorsal CN. These results provide direct anatomical evidence that an excitatory commissural projection is present, and VGLUT2 is associated with this pathway both as its source and as a recipient.
INTRODUCTION
The cochlear nucleus (CN) is the first auditory structure to receive binaural information directly via the CNcommissural pathway. CN-commissural projections terminate in most regions of the CN including the granule cell domain (GCD), which includes the external shell of the ventral CN (VCN) and the fusiform cell layer of the dorsal CN (DCN) (Schofield and Cant 1996; Weedman et al. 1996; Zhou et al. 2007) . A common assumption over the past two decades has been that the majority of CN-commissural projections arise from the broadly tuned, inhibitory, D stellate or type II multipolar cells (Cant and Benson 2003; Doucet and Ryugo 2006; Smith et al. 2005; Smith and Rhode 1989) . However, recent observations (Doucet et al. 2009) suggest that this pathway is composed of at least two populations of cells: large multipolar cells that resemble the glycinergic, D stellate cells, as well as small-and medium-sized multipolar cells that account for approximately 60% of CNcommissural neurons. These cells have type I axosomatic innervation (i.e., receive few terminals on their somata) and are located in the marginal region of VCN as well as other regions of the VCN. Cumulative evidence suggests that some CN-commissural neurons are excitatory (Alibardi 1998; Babalian et al. 2002; Shore et al. 1992) . Alibardi (1998 Alibardi ( , 2000 Alibardi ( , 2006 reported that about 60% of CN-commissural neurons are immunonegative to glycine or GABA. Furthermore, electron microscopic examination revealed that most large CN-commissural terminals in the GCD contained round vesicles and formed asymmetric synapses, suggestive of excitatory synapses (Alibardi 2000 (Alibardi , 2006 . In contrast, the majority of CN-commissural terminal boutons in the central regions of VCN contained pleomorphic vesicles and formed symmetric synaptic thickenings. These terminal endings primarily colabeled with glycine (Alibardi 2000) .
Physiological studies have shown that a small percentage (2-4%) of units in the VCN showed excitatory responses to contralateral acoustic stimulation (Shore et al. 2003; Sumner et al. 2005) , in addition to the commonly recorded inhibitory responses (Babalian et al. 2002; Ingham et al. 2006; Paolini 2003, 2007; Shore et al. 2003; Sumner et al. 2005) . Although contralateral excitation is rare in normalhearing animals, it can increase significantly after ipsilateral conductive (up to 30%) or sensorineural (960%) hearing loss (Bledsoe et al. 2009; Sumner et al. 2005) . These studies question previous assumptions that the CN-commissural pathway is exclusively inhibitory and what the source of excitatory commissural neurons might be.
We examined the putative excitatory portion of the CN-commissural pathway using anterograde tract tracing combined with immunolabeling of vesicular glutamate transporters (VGLUTs). VGLUTs accumulate glutamate in synaptic vesicles and are prime markers for excitatory glutamatergic terminals (Fremeau et al. 2002 (Fremeau et al. , 2001 Gabellec et al. 2007; Kaneko et al. 2002; Zhou et al. 2007 ). In addition, we conducted retrograde tract tracing experiments combined with immunohistochemical identification of glycine and GABA to identify which CN-commissural neurons were not inhibitory.
METHODS

Animal preparations and surgical procedures
The experiments were performed on 11 pigmented guinea pigs with normal Preyer's reflexes, weighing 300-400 g. All procedures were performed in accordance with the NIH guidelines for the use and care of laboratory animals (NIH publication no. 80-23) and the guidelines provided by the University Committee on Use and Care of Animals of University of Michigan.
Animals were anesthetized with intramuscular injections of ketamine hydrochloride (Ketaset; 40 mg/kg) and xylazine (Rompun; 10 mg/kg). Rectal temperature was maintained at 38±0.5°C with a thermostatically controlled heating pad. The left CN was exposed by aspirating part of the cerebellum. In the retrograde tracing experiments (n=5), a total volume of 0.1-0.4 µl tracers [2% Fluorogold (FG, Fluorochrome, Englewood, CO; n=4) or 10% biotinylated dextranamine (BDA, MW 10,000, Molecular Probes; in phosphate-buffered saline, or PBS; n=1)] was pressureinjected into one CN using a Hamilton microsyringe equipped with a glass micropipette (20-30 µm tip). In the anterograde tracing experiments (n=6), a total volume of 0.1-0.4 µl of BDA was pressure-injected into the left CN. Previous studies and our concurrent retrograde experiments indicate that cells at the intersection of DCN and VCN are more likely to be excitatory (i.e., glycine and GABA negative, Alibardi 2006) and project to the contralateral GCD. Thus, attempts were made specifically to deposit anterograde tracers in the medial edge region of the VCN, near to its intersection with DCN. Retrograde tracers were placed in the entire CN, but some were restricted to the shell region.
Four to six days after the injections, animals were euthanized with Nembutal (15 mg/kg, i.p.) and transcardially perfused with 0.1 M PBS, followed by fresh 4% paraformaldehyde in PBS used within 1 h of preparation (Pow et al. 1995) . One animal was euthanized 1 day after injection. Fluorogold can retrogradely label somata with wide range of survival times, ranging from 1-2 days to 2 months (Schmued and Fallon 1986) . This animal still showed sufficient labeling and therefore was included in the study. Following perfusion-fixation, the brain was isolated and placed in the same fixative for 2 h at 4°C. The brain was transferred into 20% sucrose in 0.1 M PBS overnight at 4°C. The brainstem was then sectioned on a freezing microtome at a thickness of 40 µm.
Tissue processing and immunocytochemistry
Retrograde tracing experiments. Unless stated otherwise, tissue processing and immunocytochemistry were performed at 4°C using the following protocol. Floating sections were incubated in blocking solutions containing 1% normal goat serum (Jackson ImmunoResearch Laboratories, 005-000-121) in 0.1 M phosphate buffer with 0.1% Triton X-100 (Sigma 9002-93-1), pH 7.4. The same blocking solution was also used to dilute primary and secondary antibodies. After 30-minute incubation in blocking solution, floating sections were treated overnight with primary antibodies (polyclonal rat antiglycine antibody 1:1000, Cat# IG1002, ImmunoSolution, Australia; polyclonal rabbit anti-GABA antibody 1:200, Cat# A2052, Sigma St. Louis, MO) to determine if retrogradely labeled cells were glycinergic or GABAergic. Sections were thoroughly washed in PBS and incubated with secondary antibodies [Cy3 conjugated goat anti-rat 1:300 (Molecular Probes) and Cy2 conjugate goat anti-rabbit 1:300 (Molecular Probes)] for 2 h. After washing in PBS three times, sections were mounted on clean slides, dehydrated in graded ethanol, cleared in Micro-clear (Micron, Fairfax, VA) and cover-slipped with Micro-cover (Micron, Fairfax, VA).
Both anti-glycine and anti-GABA antibodies detect the corresponding amino acids very well in paraformaldehyde-fixed tissues (Allain et al. 2006; Crook et al. 2006; Ohshita et al. 2004; Pow et al. 1995; Xin et al. 2007 ). Polyclonal rat antiglycine antibody was generated in rats against glycine that had been conjugated to a carrier protein [bovine serum albumin (BSA)] using formaldehyde. Sensitivity and specificity of this antibody in different species have been previously verified (Pow et al. 1995) . Since cells in superficial DCN (presumably cartwheel cells or stellate cells) express both GABA and glycine, and cells in inferior colliculus primarily express GABA (Gleich and Vater 1998; Kolston et al. 1992) , we used DCN superficial cells and cells in inferior colliculus as the positive reference control. Negative controls were conducted on sections that were not treated with either primary or secondary antibodies, resulting in no immunolabeling. Preincubation of the glycine antibody with glycineformaldehyde-BSA (Cat#GLYF01, ImmunoSolution, Australia) resulted in negative immunolabeling. Although the immunogen used for production of polyclonal rabbit GABA antibody is BSA conjugated to GABA, this antibody also works well with paraformadehyde-fixed tissues (Allain et al. 2006; Crook et al. 2006; Ohshita et al. 2004; Xin et al. 2007 ). Nonetheless, we still performed a preadsorption control study by preincubation of the GABA antibody with GABAglutaraldehyde-BSA (Cat# GABAG01, ImmunoSolution, Australia), which resulted in negative immunolabeling ( Fig. 1) .
Some tissues from these animals with FG injections were saved for VGLUT immunoreactivity studies to evaluate if CN-commissural neurons receive VGLUT2 mediated synaptic inputs (see below, "Anterograde Tracing Experiments").
For one animal, the labeled CN-commissural neurons and their colabeling with GABA or glycine were manually counted on every fourth section. Retrogradely labeled neurons were mapped onto templates that included six transverse sections evenly extending from the caudal to rostral ends of the CN (i.e., the 14.3th, 28.6th, 42.9th, 57.2th, 71.5th, 85.8th percentiles) . The number of terminal counts was multiplied by 4 to achieve the total terminal counts and corrected for double counting errors using Abercrombie's correction [corrected number = count × (section thickness)/(section thickness + terminal size)] (Abercrombie 1946).
Another animal in this group that received an injection of BDA in the CN was used to document the CN-commissural neurons that specifically project to contralateral shell regions. Tissues from this animal were processed differently: brain sections were directly mounted on clean glass slides and air dried. Sections were treated for 30 minutes in 3% hydrogen dioxide in methanol, followed by a 2-h incubation with avidinbiotinylated horseradish peroxidase (Vectastain Elite ABC kit, Vector Laboratories, Inc., Burlingame, CA), then reacted with 3,31-diaminobenzidine tetrahydrochloride (DAB, Vector Laboratories, Inc., Burlingame, CA). Slides were counterstained with neutral red, dehydrated, cover-slipped, and examined using a lightfield microscope (Leica DML).
Anterograde tracing experiments. After incubating with blocking solution, alternate floating sections were incubated overnight with primary antibodies to VGLUT1 (1:1000, Synaptic Systems, Germany, Cat.# 135 303) and VGLUT2 (1:1000, Synaptic Systems, Germany, Cat.# 135 403), respectively. Following thorough washing in PBS, sections were reacted for 2 h with secondary antibodies containing Cy3-conjugated goat anti-rabbit (Molecular Probes) and Alexa-488-conjugated streptavidin (1:300, to visualize BDA-labeled terminals). Sections were then processed according the procedures described above.
Image processing and confocal laser microscopy
Sections were examined using a fluorescent microscope equipped with the appropriate filters (Leica, DM). Photomicrographs of immunolabeling were digitized and imported to Adobe Photoshop for final contrast adjustment. Colocalizations were also examined using confocal laser microscopy (Zeiss LSM 510). Images immunolabeled with Cy2 and Cy3 were scanned with lasers of Argon and HeNe1, respectively. Images immunolabeled with FG were scanned with a UV laser with an excitation wavelength of 364 nm, filtered using an emission LP filter at 560 nm, and viewed on the blue channel. Confocal images were acquired at a 1-μm optical thickness. To obtain a clear view of terminal or somata profiles, a series of 3-12 serial optical sections were obtained to generate a Z-projection of stacks. Puncta or somata that were yellow on the confocal multichannel images indicated colocalization. Photomicrographs of labeled neurons and terminals were digitized and imported to Adobe Photoshop for labeling and contrast adjustment.
We used a fluorescent microscope equipped with the appropriate filters (Leica, DM) to examine the CNcommissural neurons that colabeled with glycine or GABA. The difference between a neuronal soma and a terminal ending can be determined by visualizing a central clearing with adjustment of the focus of the objective lens. Double-labeling of CN-commissural neurons with glycine and/or GABA was determined by frequently switching the filters and adjusting the focus of the objective lens. Colocalization was established when the two different labels exactly marked the same profile at the same focusing level. This method of identifying double-labeled CN commissural terminals agreed well with the results from confocal images. Additionally, we used a strict criterion for selecting glycine-negative and/or GABA-negative CN commissural neuronsonly those that were unequivocally immunonegative to glycine and GABA were selected. Cells that showed weak or questionable glycine or GABA immunoreac- tivity were still considered as positive and classified as double-labeled CN commissural neurons. This approach yielded increased specificity of glycine/GABA-negative CN commissural neurons.
Labeled CN-commissural neurons were further classified as (1) medium-to-large cells with the long axis greater than 16 μm and (2) small cells had a long axis smaller than or equal to 16 μm (Shore et al. 1992 ). This resulted in eight categories according to size and immunoreactivity to glycine and GABA antibodies: (1-4) medium-to-large CN commissural neurons: glycine positive and GABA positive (Gly+/GABA+), glycine positive and GABA negative (Gly+/GABA−), glycine negative and GABA positive (Gly−/GABA+), glycine negative and GABA negative (Gly−/GABA−); (5-8) small CN commissural cells: same four categories as medium-to-large cells. These retrogradely labeled neurons were mapped onto templates that included six transverse sections evenly extending from the caudal to rostral ends of the CN (i.e., the 14.3th, 28.6th, 42.9th, 57.2th, 71.5th, 85.8th percentiles) . In cases where the BDA reaction product or FG filled both the soma and dendrites of a labeled cell, we tried to identify the cell type using the scheme of Hackney et al. (1990) .
RESULTS
CN-commissural terminals colabel with VGLUT2
Following injections of BDA in the left CN, labeled fibers entered the right CN through either the dorsal/intermediate acoustic striae or the trapezoid body. Labeled fibers and puncta were found in most regions of the CN. The labeled puncta were usually of small to medium size (1-2.5 µm), but a few puncta were large and irregular (92.5 µm). These large puncta were found exclusively in the GCD. Many large, irregular puncta (Fig. 2, arrows) and some small (Fig. 2, arrowheads) in the GCD colabeled with VGLUT2. None of the CN commissural puncta in any region colabeled with VGLUT1 (data not shown).
CN-commissural cells that are immunonegative for glycine and GABA mostly are located in marginal regions to the CN Following injections of FG into the left CN, retrogradely labeled CN-commissural cells were found in several areas throughout the contralateral CN, including the magnocellular region of VCN, marginal region of VCN, SCC, the fusiform cell layer of the DCN, and deep DCN. CN-commissural neurons had polygonal, elongate, or round to oval somata. When both soma and dendrites were filled by BDA or FG, we found that most of the CN-commissural cells in the magnocellular region of the VCN were multipolar with varied sizes. The CN-commissural cells in the marginal region were also multipolar and usually small in size. We were unable to identify the cell typing of the few labeled commissural neurons in the deep layer of DCN and VCN because their dendrites were not filled. These CN commissural cells usually had round/oval or elongated somata. Many CN commissural cells showed moderate-to-strong glycine immunoreactivity and weak GABA immunoreactivity. However, some retrogradely labeled CN-commissural neurons did not colabel with either glycine or GABA (Figs. 3 and 4) . Relative counts of cells with immunoreactivity to glycine or GABA are displayed in Table 1 . Thirty-seven percent of CN-commissural cells were immunonegative to both glycine and GABA, and they were either large or small in size.
The majority of glycine-negative and GABA-negative CN commissural neurons were located along the medial border of the CN (marginal region) or in the SCC (Fig. 5) . 
CN-commissural cells that project to contralateral GCD mostly are located in marginal regions of the CN
Since only CN commissural puncta in the GCD colabeled with VGLUT2, we further examined the origin of these VGLUT2-positive CN-commissural neurons. Following a restricted injection of BDA into the GCD, the majority of labeled CN-commissural cells were found to be adjacent to and within the medial border of VCN, in the SCC region along the border between DCN and VCN (Fig. 6 ). These CN-commissural neurons had polygonal, elongate, or round to oval somata with varied sizes (Fig. 7) . Labeled fibers in the right CN entered the CN through either the dorsal/intermediate acoustic stria or the trapezoid body. The distribution of these CN-commissural cells is similar to that of the glycine negative/GABA-negative CN-commissural cells found in this study (Figs. 5 and 6 ).
Some CN-commissural cells receive VGLUT2-positive synaptic contacts
A number of retrogradely labeled commissural neurons received VGLUT2 immunoreactive terminals on their somata (Fig. 8) . These neurons were located in the ventral part of either AVCN or PVCN, were medium to large in size, and had oval or round or elongate cell bodies that could not be further typed due to lack of dendritic filling. The VGLUT2-positive terminals were not double-labeled with FG and therefore probably do not arise from other commissural neurons.
DISCUSSION
This study provides compelling evidence that, in addition to inhibitory neurons, the CN-commissural projection is composed of excitatory cells. These excitatory CN-commissural neurons are primarily found in the deep DCN, SCC, and marginal regions of VCN and project to the contralateral GCD.
The prevailing impression of a solely inhibitory commissural pathway probably arises from the abundant physiological data indicating that contralateral sound produces a predominant inhibitory response in the CN. Cant and Gaston (1982) found that the majority of CN commissural neurons are among the largest neurons in the CN, which resemble the inhibitory type II multipolar cells. However, the ultrastructural and immunocytochemical characteristics of the CN commissural pathway were first documented by Alibardi (1998 Alibardi ( , 2000 , in which he showed that, contrary to the common notion, about two thirds of CN commissural neurons were immunonegative to GABA and Gly, with a preference for the putative excitatory commissural neurons in the VCN over the DCN. Here we found that 37% of CN-commissural neurons were immunonegative to both glycine and GABA. The difference between the two studies may be due to the methods used to identify non-Gly/non-GABA neurons: we only included those that were unequivocally immunonegative to glycine and GABA as "excitatory". Doucet et al. (2009) also reported that the CN commissural neurons were either large multipolar cells that resemble the glycinergic, type II cells or medium-sized multipolar cells that accounted for 69% of commissural cells and resembled type I cells, and are likely non-glycinergic or non-GABAergic. The present study supports their findings. The small-to medium-sized commissural cells account for 37% of the total labeled CN-commissural cells and more than half of them (19% in 37%, Table 1 ) are nonglycinergic or non-GABAergic, whereas large cells account for 63% of total labeled CN commissural cells and about 71% of those (45% of the 63%, Table 1 ) are immunopositive to glycine or/and GABA.
It is unclear why the anatomical studies do not agree well with the physiological observations of a predominant inhibitory CN commissural pathway in normal-hearing animals. Plausible explanations for this discrepancy include the following: (1) The present study showed that the putative excitatory commissural cells project to the GCD, a region in which it is difficult to place a recording electrode. The electrophysiological characteristics of small cells have only been documented in two studies Kim 1996, 1997) , which showed that cells in this region are significantly different from those in the neural core groups of AVCN: they have low spontaneous firing rates, and show either no acoustic response or wide dynamic ranges to tones and noises.
(2) The locations in the GCD, and morphology of the excitatory CN-commissural terminal endings, as well as their immunoreactivity to VGLUT2 and not to VGLUT1, resemble that of non-auditory (somatosensory) projection neurons (Haenggeli et al. 2005; Wright and Ryugo 1996; Zhou et al. 2007; Zhou and Shore 2004) . These non-auditory pathways can indirectly modulate DCN activity via parallel fibers, which can be either excitatory or inhibitory Davis et al. 1996) . (3) The putative excitatory CNcommissural pathway may be dormant in normalhearing animals. The finding that CN-commissural cells are surrounded by VGLUT2 immunoreactive terminals suggests that the CN-commissural pathway may be modulated largely by non-auditory inputs rather than by auditory nerve inputs, since auditory nerves use VGLUT1 to mediate glutamate release (Zhou et al. 2007) . Further studies are needed to explore the notion that auditory nerve inputs may make preferential contacts with inhibitory CN-commissural neurons, whereas non-auditory inputs synapse with excitatory CN-commissural neurons.
Interestingly, following a restricted injection into the GCD, the retrogradely labeled CN-commissural neurons were found primarily in the medial border of CN, which overlaps the locations of the GABA/Glynegative, excitatory CN-commissural neurons, as well as some in the SCC, which were small multipolar neurons with either polyglonal or oval somata. Furthermore, the locations of these excitatory CNcommissural neurons correspond well with the locations of newly identified type I commissural neurons in the rat SCC, which show low-percentage apposition (i.e., percentage of the soma apposed by synaptic terminals) (Doucet et al. 2009 ). In that study, 69% of CN-commissural neurons had type I axosomatic innervation, about a third of which were located in the SCC, also along the medial border of the VCN, consistent The labeled commissural neurons in DCN had round or elongated somata and were located in DCN3 (H, I). The occasional labeled CN-commissural cells in the SCC had polygonal somata (C, G). Scale bars=50 μm.
with the locations of excitatory CN-commissural cells in the present study. The combined data from both these studies suggest that there is an excitatory neural connection between the marginal border of one CN and the contralateral GCD. Although other excitatory neurotransmitters such as acetylcholine may also be involved in the excitatory CN-commissural pathway, the present study clearly demonstrated that this excitatory pathway, at least in part, is glutamatergic and uses VGLUT2 to mediate glutamate transport.
The inhibitory CN-commissural pathway has been implicated in encoding interaural timing and intensity differences important for sound localization (Cant and Gaston 1982; Doucet et al. 2009 ). In contrast, the paucity of excitatory responses to contralateral acoustic stimuli in normal-hearing animals suggests that this excitatory pathway is unlikely to play an important role in binaural interaction. However, removal of ipsilateral auditory inputs can dramatically enhance this "dormant" excitatory pathway from 4% to 30% (ipsilateral conductive hearing loss, Sumner et al. 2005) or 60% (sensorineural hearing loss, Bledsoe et al. 2009 ). These findings suggest that the CN-commissural excitatory pathway may compensate for the diminished peripheral inputs to the ipsilateral CN after injury. This compensatory mechanism may help to maintain a balanced bilateral ascending flow of auditory information, essential for the optimal perception of acoustic characteristics such as timing and intensity.
Since the excitatory CN-commissural pathway resembles that of non-auditory (somatosensory) projection neurons (Dehmel et al. 2008; Haenggeli et al. 2005; Wright and Ryugo 1996; Zhou et al. 2007; Zhou and Shore 2004) , it is likely to have a similar modulatory function as suggested for these non-auditory projections and may be associated with DCN synaptic plasticity under normal-hearing conditions (Tzounopoulos et al. 2004; Young et al. 1995; Zhou et al. 2007 ). 
